This paper reviews the developments of dithiooctanoate monomers and acidic adhesive monomers, and their roles in multi-purpose primers and adhesives in promoting adhesion to multiple substrate materials. Novel dithiooctanoate monomers exhibited excellent bonding to precious metals and alloys when compared against conventional sulfur-containing monomers. Newly developed phosphonic acid monomers, endowed with a water-soluble nature, enabled sufficient demineralization of dental hard tissues and thus improved bonding to both ground enamel and dentin. The optimal combination for bonding to dental hard tissues and precious and non-precious metals and alloys was 5.0 wt% 10-methacryloyloxydecyl 6,8-dithiooctanoate (10-MDDT) and 1.0 wt% 6-methacryloyloxyhexyl phosphonoacetate (6-MHPA). For bonding to dental porcelain, alumina, zirconia, and gold (Au) alloy, a ternary combination of silane coupling agent, acidic adhesive monomers, and dithiooctanoate monomers seemed promising. The latest development was a singlebottle, multi-purpose, self-etching adhesive which contained only acidic adhesive monomers and dithiooctanoate monomers but which produced strong adhesion to ground enamel and dentin, sandblasted zirconia, and Au alloy.
INTRODUCTION
The first and foremost goal of dental adhesives is bonding longevity to their adherends, be it dental hard tissues or a wide array of substrate materials.
With an overwhelming quest for speed, efficiency, and convenience in recent years, simplified bonding procedure with fewer steps and reduced chairside time have become the hallmarks of modern dental adhesive systems. Backed by revolutionary advances in bonding technology and aggressive research efforts, the current trend in the development of dental adhesive systems has moved toward single-bottle, multi-purpose primers or adhesives which could deliver strong and durable adhesion indiscriminately to a multitude of adherends that coexist in the oral environment, ranging diversely from dental hard tissues (enamel and dentin), precious (noble) metals, precious metal alloys, and non-precious metal alloys to dental porcelains, aluminum oxide-based ceramics (alumina), and zirconium oxide (ZrO2)-based ceramics (zirconia) 1) . There are pros and cons to the use of single-bottle, self-etching adhesives. On the one hand, they are easy to use and less prone to result in post-operative sensitivity. On the other hand, they produce lower bond strengths to enamel when compared to phosphoric acid-etched enamel 2) . To improve bonding to the enamel substrate as well as to non-precious metals, more effective acidic adhesion-promoting monomers (adhesive monomers) were developed and continue to be developed. To improve bonding to precious metals, sulfur-containing monomers were developed and research efforts remain unabated to develop more advanced sulfur-containing monomers.
The use of all-ceramic restorative systems is steadily increasing in popularity among today's dental practitioners because they provide superior esthetic results 3) . Zirconia-based ceramic systems are used for inlays and multiple-unit fixed partial dentures because of zirconia's favorable esthetic characteristics, mechanical properties, and biocompatibility 4) . As with all dental restorations, the long-term clinical success of all-ceramic restorations relies on a strong and durable resin bonding of the completed ceramic restoration to the supporting tooth structures 5) . However, establishing a strong and stable bond with zirconia using conventional surface roughening and coating methods has proven to be difficult 6) . In the course of our development of dental adhesives, several categories of adhesive monomers have been developed by means of the technologies used in synthetic organic chemistry. One category is the adhesive acidic monomers bearing the carboxylic group or its anhydride group 7, 8) or the phosphonic acid group [9] [10] [11] for bonding to dental hard tissues, non-precious metal alloys, and dental porcelains; another category is the sulfurcontaining monomers bearing the dithiooctanoate group 12, 13) for bonding to precious metals and alloys. For strong and durable bonding to the aforementioned various substrate materials that coexist in the oral environment, it was anticipated that a combination of acidic adhesive monomers and sulfur-containing monomers in multi-purpose primers and adhesives would deliver the desired result. Although a number of adhesive monomers have been included in the formulations of commercial dental adhesives, a survey of published literature revealed scarce review on the developments of multi-purpose primers and adhesives containing acidic adhesive monomers and sulfurcontaining monomers.
Therefore, the aim of this review paper was to discuss the developments of multi-purpose primers and adhesives comprising both acidic adhesive monomers and dithiooctanoate monomers in a single bottle. With information sources collated from original scientific papers, reviews, and patent literatures, this paper tracked and arranged their early to recent developments into eight chapters as follows:
Chapter 1: Development of phosphonic acid monomers for bonding to dental hard tissues, non-precious metal alloys and dental porcelains;
Chapter 2: Development of sulfur-containing monomers for bonding to precious metals and alloys;
Chapter 3: Development of dithiooctanoate monomers for bonding to precious metals and alloys;
Chapter 4: Comparison between dithiooctanoate monomers and sulfur-containing monomers on bonding to precious metals and alloys;
Chapter 5: Effects of combining acidic monomers and sulfur-containing monomers on bonding to precious and non-precious metals and alloys;
Chapter 6: Efficacy of metal primers on bonding of prosthetic light-curing resin composites to precious and non-precious metals and alloys;
Chapter 7: Development of single-bottle, multipurpose primers and adhesives for bonding to varied dental ceramics and metal materials;
Chapter 8: Development of HEMA-free, multipurpose, single-bottle, self-etching adhesive for bonding to dental hard tissues, zirconia-based ceramics, and Au alloy.
CHAPTER 1: DEVELOPMENT OF PHOSPHONIC ACID MONOMERS FOR BONDING TO DENTAL HARD TISSUES, NON-PRECIOUS METAL ALLOYS AND DENTAL PORCELAINS

Structure of adhesive monomers
Previously, an adhesive monomer was defined as a polymerizable monomer which has both hydrophilic and hydrophobic groups in its structure 14) . However, most adhesive monomers that promote bonding to precious metals do not have the hydrophilic group, but a sulfur atom-containing group instead. Today, an adhesive monomer is defined as a polymerizable monomer which consists of three parts in its structure: a polymerizable functional group (PG), an adhesion-promoting group (AG), and a connecting group 15) -the latter being an organic group which connects PG and AG 16) . The bonding performance of an adhesive monomer hinges on the ability of the adhesion-promoting group to chemically interact with the adherend. The adhesionpromoting group can contain either a sulfur atom for bonding to precious metals and alloys or a hydrophilic acidic moiety for bonding to dental hard tissues and non-precious metal alloys.
There are two broad categories of hydrophilic acidic moieties: carboxylic acid or its anhydride group versus phosphoric acid group [R-O-P(=O)(OH)2] or phosphonic acid group [R-P(=O) (OH)2] 10) .
Correlation between molecular structure of adhesive monomers and adhesion On the premise that the molecular structure of an adhesive monomer consists of three parts -a polymerizable functional group (PG), an acidic group (AG), and a spacer group or connecting group, Omura and Yamauchi 16) carried out a study in 1987 to investigate the effect of each group on bonding properties. Amongst the experimental adhesive monomers synthesized in their study, the objective was to determine the optimal molecular structure for adhesion 16) . Figure 1 . After each adhesive resin was bonded to ground bovine dentin or dental Ni-Cr alloy, their bond strengths were measured. Table 1 presents the bond strength results. On bonding to Ni-Cr alloy, three phosphate monomers (MEP: 26 MPa; MHP: 41 MPa; MDP: 44 MPa) exhibited higher bond strengths than the other esters. Very revealingly, poor bonding (0 MPa) was exhibited by IEP which had a non-polymerizable group, TEGMP which had triethylene glycol as a hydrophilic spacer group, and MDS which had sulfate group as an acidic group. On bonding to bovine dentin, two phosphate monoesters (MHP: 4.8 MPa; MDP: 5.9 MPa) and a phosphate diester (Bis-MDP: 4.7 MPa) showed higher bond strengths than the other esters. Therefore, the prerequisites of an optimal molecular structure for effective bonding to both bovine dentin and Ni-Cr alloy should consist of (1) a polymerizable methacryloyl group, (2) a hydrophobic spacer group, and (3) a phosphoric acid group 16) .
Early developments of phosphonic acid monomers
Early research on phosphorus-containing monomers focused on phosphoric acid monomers such as Phenyl-P and MDP. However, very little work was done on phosphonic acid monomers and their adhesion-promoting functions. In 1974, Anber and Farley proposed vinylphosphonic acid (VPA) and vinylbenzyl phosphonic acid (VBPA) for bonding to tooth substrates 17) . These phosphonic acid monomers exhibited minimal adhesion to the dental hard tissues 17) . Their low bond strengths were thought to be caused by their poor water solubility and a non-flexible alkylene spacer group in their molecular structures, despite having an effective phosphonic acid group (Fig. 1) . Over the past decade, however, interest in the use of phosphonic acid monomers has been revived by the demonstration of their superior hydrolytic stability with improved bonding performance to dental hard tissues [18] [19] [20] .
Design and synthesis of novel phosphonic acid monomers
In a quest for new functional monomers with stronger chemical bonding potential to hydroxyapatite at both enamel and dentin 21) , our previous studies [9] [10] [11] focused phosphonic acid group, and developed novel phosphonic acid monomers having a suitable connecting group coupled with a water-soluble nature. Figure 2 is a schema of the synthesis pathways of several kinds of acid monomers. The general chemical structure 3 depicts the compounds of seven kinds of novel phosphonic acid monomers [9] [10] [11] : [5-methacryloyloxypentyl 3-phosphonopropionate (5-MPPP), 6-methacryloyloxyhexyl 3-phosphonopropionate (6-MHPP), 6-acryloyloxyhexyl 3-phosphonopropionate (6-AHPP), 6-acryloyloxyhexyl phosphonoacetate (6-AHPA), 10-methacryloyloxydecyl 3-phosphonopropionate (10-MDPP), 10-methacryloyloxydecyl phosphonoacetate (10-MDPA), and 6-methacryloyloxyhexyl phosphonoacetate (6-MHPA)]. The general chemical structures 4 and 5 depict the compounds of six kinds of acidic adhesive monomers bearing trimellitic acid or its anhydride moiety 7, 8) :
[4-methacryloyloxyethoxycarbonylphthalic anhydride (4-META), 4-methacryloyloxypropoxycarbonylphthalic anhydride (4-MPTA), 4-methacryloyloxyhexyloxycarbonylphthalic anhydride (4-MHTA), 4-methacryloyloxydecyloxycarbonylphthalic anhydride (4-MDTA), 4-acryloyloxyethoxycarbonylphthalic anhydride (4-AETA), and 4-acryloyloxyethoxycarbonylphthalic acid (4-AET)]. Table 2 presents the tensile bond strengths (TBSs) between sandblasted Ni-Cr alloy (Summalloy Nickel, Shofu Inc., Kyoto, Japan) rod and ground unetched enamel or sandblasted Ni-Cr alloy plate using seven chemically cured, composite-type adhesive resins 10) . These experimental adhesive resins were prepared from the following phosphorus-containing monomers (3 wt% in liquid): 5-MPPP, 6-MHPP, 6-AHPP, 10-MDPP, MEPP (=Phenyl-P), and VBPA. A ternary polymerization initiator system, benzoyl peroxide (BPO)/N,N-(dihydroxyethyl)-p-toluidine (DEPT)/1-benzyl-5-phenylbarbituric acid (BPBA) 22) , was used. The adhesive resins (P/L=3.5) were cured in 5.0-8.0 minutes at 23±1°C. Compared to conventional phosphorus-containing monomers (MEPP and VBPA), the novel phosphonic acid monomers (6-MHPP, 6-AHPP, and 10-MDPP) exhibited significantly higher TBSs to both ground unetched enamel and sandblasted Ni-Cr alloy (p<0.01). A number of cohesive failures in adhesive were also observed for these novel phosphonic acid monomers. Therefore, the excellent bonding ability of novel phosphonic acid monomers was verified by these experimental results. Table 3 presents the TBSs between sandblasted Ni-Cr alloy rod and ground unetched enamel, ground unetched dentin, ground porcelain plate, or sandblasted Ni-Cr alloy plate using seven chemically cured, composite-type adhesive resins 11) . The porcelain plate (Unibond Vintage, Shofu Inc., Kyoto, Japan) was prepared by firing, then ground with 600-grit SiC abrasive paper. Adhesive resins [curing protocol (P/L=3.5): 6.0-7.0 min at 23±1°C] were prepared from the following monomers (1.5 wt% in powder): 6-MHPA, 6-AHPA, 10-MDPA, 4-AETA, and 4-META. A ternary polymerization initiator system of p-toluene sulfinate morphoride (p-TSMo)/tertbutylperoxymaleic acid (t-BPMA)/1-cyclohexyl-5- Fig. 2 General schema of the synthesis pathways of novel phosphonic acid monomers (3) [9] [10] [11] , together with trimellitic acid type adhesive monomers (4 and 5) 7, 8) , as discussed in Chapter 1.
Effects of novel phosphonic acid monomers on bonding to enamel and Ni-Cr alloy
Effects of novel phosphonic acid monomers on bonding to enamel, dentin, porcelain, and Ni-Cr alloy
ethylbarbituric acid (CEBA) 22) was used. With all the tested adherend materials, there were no significant differences in TBS among all the adhesive monomers (p>0.01). Therefore, it was shown that novel phosphonic acid monomers with p-TSMo/t-BPMA/CEBA initiator provided good multi-purpose bonding performance to a variety of substrate materials 11) . Figure 3 illustrates the hypothetical interaction of novel phosphonic acid monomers with the tooth substrate and Ni-Cr alloy. Based on the interaction of carboxylic acid type of adhesive monomers with hydroxyapatite at the molecular level [23] [24] [25] [26] , it was speculated that the ionized phosphonic acid group of phosphonic acid monomers chemically interacted as ligand monomers with calcium cation (Ca 2+ ) of hydroxyapatite in teeth on the one hand, as well as with metal oxides on the surface of Ni-Cr alloy on the other hand 10) . Although VBPA also had a phosphonic acid group in its molecular structure, TBS results in our previous study 10) revealed its poor bonding performance to both enamel and Ni-Cr alloy.
Chemical interaction of phosphonic acid monomers with tooth substrate and Ni-Cr alloy
Effect of 5-MSBA-containing ternary polymerization initiator systems on adhesion
Charge-transfer complex (CT complex) formation 22, 27) or neutralization of the acidic group by the basic, binary BPO/DEPT initiator system of dual-curing resin composites 28, 29) has been identified as the cause to the low polymerization reactivity of acidic adhesive monomers.
To circumvent such compromised adhesion caused by low polymerization reactivity, 5-monosubstituted Table 3 Effects of acidic adhesive monomers in composite-type adhesive resins on tensile bond strength between sandblasted Ni-Cr alloy rod and ground unetched enamel, ground unetched dentin, dental porcelain plate, or Ni-Cr alloy plate after 2,000 thermal cycles 11) Acidic adhesive monomers 
n=10.
Unetched enamel* and dentin**: Bovine enamel and dentin ground with 600-grit SiC abrasive papers and bonded without acid etching. § Dental porcelain: Unibond Vintage (Shofu Inc., Kyoto, Japan) plate was ground with 600-grit SiC abrasive paper. § § Ni-Cr alloy: Sandblasted Ni-Cr alloy (Summalloy Nickel; Shofu Inc., Kyoto, Japan). Groups from the same column that are identified with the same superscript letters are not significantly different (p>0.01). Table 2 Effects of phosphorus-containing monomers in composite-type adhesive resins on tensile bond strength (TBS) between Ni-Cr alloy rod and ground unetched enamel or Ni-Cr alloy plate after 2,000 thermal cycles 10) Phosphorus-containing monomers TBS to unetched enamel* (n=10) TBS to Ni-Cr alloy** (n=10) 22) (such as BPO/DEPT/ BPBA and p-TSMo/t-BPMA/CEBA) were developed. The initiating behavior of 5-MSBA-containing ternary polymerization initiator systems could be triggered in the presence of a base, thereby enabling the acidic phosphonic acid monomers to perform their adhesionpromoting function. By reducing the adverse effects on both polymerization and adhesion, 5-MSBA-containing ternary initiators increased the cohesive strength of adhesive layers between adherends.
CHAPTER 2: DEVELOPMENT OF SULFUR-CONTAINING MONOMERS FOR BONDING TO PRECIOUS METALS AND ALLOYS
Efficacy of sulfur-containing monomers on bonding of dental resins to precious metals and alloys Acidic adhesive monomers exhibited poor adhesion to precious metals, such as Au, due to the chemical inertness of precious metals. To achieve strong adhesion to dental precious metal alloys, a number of surface modification methods were developed: heat treatment, electroplating with tin, silica coating, ion-coating, and the application of liquid Ga-Sn alloy. Over the past 20 years, sulfur-containing monomers such as thiophenols, thiophosphoric acids, triazinedithiones, thiols, thiobarbituric acids, disulfides, and thiouracil and thiirane monomers were developed.
Metal primers which contain these sulfur-containing monomers boast of two highly desirable advantages: simple application procedure and favorable adhesion outcome. The latter advantage stems from the ability of sulfur-containing monomers to form chemical bonds with metal atoms on the surfaces of precious metals 30, 31) . Some of them were already utilized in commercial metal primers for bonding to precious metals and alloys.
Bonding performance and durability of thiirane monomers to precious metal alloys
In a study which investigated the adhesion of thiirane monomers to precious metal alloys 32) , four kinds of thiirane monomers [9,10-epithiodecyl methacrylate (EP8MA), 9,10-epithiodecyl 4-vinylbenzoate (EP8VB), 2,3-epithiocyclohexyl methacrylate (EPCHMA) and 3,4-epithiobutyl 2,2-bis(methacryloyloxymethyl) propionate (EP2BMA)] and one thiobarbituric acid monomer [5-(4-vinylbenzyl)-2-thiobarbituric acid (5VS)] were used. The chemical structures of these monomers are shown in Fig. 4 .
To prepare MMA-poly(methyl methacrylate)/tri-nbutylborane oxide (MMA-PMMA/TBBO) resins containing each of the above monomers, each monomer was separately dissolved in MMA monomer liquid at a concentration of 1.0 mol%. After bonding to Au alloy, Pd alloy, and Ag alloy and after 0, 1,000, 2,000, and 4,000 thermal cycles, their TBSs were measured. Table 4 presents the TBSs of MMA-PMMA/TBBO resins containing sulfur-containing monomers to Au alloy, Pd alloy, and Ag alloy after 0 and 4,000 thermal cycles 32) . Highest bonding durability against water was recorded for EP8VB, where mean TBSs for Au alloy, Pd alloy, and Ag alloy exceeded 27 MPa even after 4,000 thermal cycles. The results also revealed the applicability of EP8MA, EP8VB, and EP2BMA as adhesive monomer components of adhesive resin formulations. EP2BMA emerged as the most favored thiirane monomer candidate with the following TBS results: 41.2 MPa (0 cycle) and 33.8 MPa (4,000 cycles) to Au alloy, 42.9 MPa (0 cycle) and 29.1 MPa (4,000 cycles) to Pd alloy, and 40.1 MPa (0 cycle) and 22.3 MPa (4,000 cycles) to Ag alloy.
5VS showed heavily degraded bond strengths to all metal adherends after thermal cycling [e.g., 38.4 MPa (0 cycle) and 12.7 MPa (4,000 cycles) to Au alloy]. In another study on polymerization kinetics 33) , it was shown that 5VS was not a suitable adhesive monomer candidate for adhesive resin formulations.
Chemical interaction of thiirane monomers on Au
Bonding of thiirane monomers to precious metals, such as Au, hinges on the cleavage of their episulfide ring on the surfaces of precious metals [32] [33] [34] [35] . In a study which used surface-enhanced Raman scattering (SERS) spectroscopy 30, 36) to investigate the chemical interaction of methylthiirane (MT) on gold colloid, it was found that the episulfide ring of MT cleaved on the Au surface. Following the cleavage of episulfide ring on Au surface, organic sulfur compounds were chemically adsorbed on the Au surface 30) . Monolayer films were then formed due to the spontaneous assembly of organic thiols on Au. This is a phenomenon well investigated in the semiconductor industry 37, 38) , which occurs because of the affinity of sulfur for precious metals. MT then underwent a chemical reaction on Au surface, causing a CH2=C group and a non-cyclic C-S bond to be formed 30) . An alkenethiol-like molecule bond to Au via its sulfur atom was also formed.
CHAPTER 3: DEVELOPMENT OF DITHIOOCTANOATE MONOMERS FOR BONDING TO PRECIOUS METALS AND ALLOYS
Synthesis of dithiooctanoate monomers as new sulfurcontaining monomers
Sulfur-containing monomers consist of three typical parts: a polymerizable functional group, a connecting group, and a sulfur atom-containing group 15) . To develop more advanced sulfur-containing monomers for bonding to precious metals and alloys, cyclic disulfide compounds were synthesized 12,13) -namely, 6,8-dithiooctanoic acid (DTA), acryloyloxyalkyl and methacryloyloxyalkyl 6,8-dithiooctanoates (dithiooctanoate monomers). Figure 5 depicts a general schema of the synthesis pathways of these dithiooctanoate monomers. They were synthesized via an esterification reaction of monohydroxy alkyl acrylates or methacrylates with DTA 12, 13) . Based on the assignments by proton nuclear magnetic resonance ( 1 H NMR) spectroscopy and carbon-13 nuclear magnetic resonance ( 13 C NMR) spectroscopy and according to mass spectral analysis results, all the synthesized compounds were spectrally identified to be novel dithiooctanoate monomers: 2-methacryloyloxyethyl
The physical appearance of all the synthesized compounds was a yellowish, transparent, viscous liquid except 12-MDDDT (a yellow crystalline compound with a melting point of 30.3-30.6°C). Their yields (16.09-39.34%) were not so high, but the purity was above 90%. Moreover, unlike conventional sulfur-containing monomers such as thiols, thiophenols, and thiophosphoric acids which emit a foul smell, all the synthesized compounds had no bad odor.
Bonding performance of dithiooctanoate monomers to precious metals and alloys
After 2,000 times of thermal cycling, the effects of these novel dithiooctanoate monomers (5.0 wt% in acetone) on TBS to precious metals and alloys were investigated 13) . Dental adhesive used was an MMA-PMMA/TBBO resin. Pure precious metals [purity: 99.99 mass%] used were Au, silver (Ag), platinum (Pt), and palladium (Pd) (Ishifuku Metal Industry Co., Ltd., Tokyo, Japan). Dental precious metal alloys used were Au alloy [Casting Gold MC Type IV, GC Corp., Tokyo, Japan; Composition (mass%): Au (70), Cu (14) , Ag (10), Pt (3), Pd (3)], Ag alloy [Sunsilver, Sankin Kogyo Co., Ltd., Tokyo, Japan; Ag (79), Zn (7), In (7), Cu (5) Results showed that all the novel dithiooctanoate monomers exhibited high TBSs to all the precious metals and alloys used (Table 5) . On bonding to Au, no significant differences in TBS were observed among 6-MHDT, 10-MDDT, 12-MDDDT, 2-AEDT, MAEDT, and EMEDT (24.7-29.3 MPa) (p>0.05), but they showed significantly higher TBS than 2-MEDT (17.2 MPa) and BMMMDT (18.3 MPa) (p<0.05). Similarly, no significant differences in TBS were found among all the novel dithiooctanoate monomer (p>0.05) for bonding to Ag (41.9-49.6 MPa), Pt (36.8-47.6 MPa), Pd (36.7-47.5 MPa), and Au-Ag-Pd alloy (35.0-48.8 MPa).
The novel dithiooctanoate monomers exhibited high TBSs to all the metal adherends tested after 2,000 thermal cycles. Therefore, these experimental results verified the excellent bonding ability of these novel dithiooctanoate monomers to precious metals and alloys.
CHAPTER 4: COMPARISON BETWEEN DITHIOOCTANOATE MONOMERS AND SULFUR-CONTAINING MONOMERS ON BONDING TO PRECIOUS METALS AND ALLOYS
Bonding performance of dithiooctanoate monomers versus conventional sulfur-containing monomers
To compare the bonding performance of the newly developed dithiooctanoate monomers (2-MEDT, 6-MHDT, and 10-MDDT) against the conventional sulfur-containing monomers, nine experimental primers containing the monomers (5.0 wt% in acetone) were prepared 39) . Conventional monomers used were non-cyclic disulfide monomers [bis(2-methacryloyloxyethyl)disulfide (BMEDS), bis(5-methacryloyloxypentyl)disulfide (BMPDS), and bis(10-methacryloyloxydecyl)disulfide (BMDDS) 40) ], a triazinedithione monomer [6-(4-vinylbenzyl-n-propyl) amino-1,3,5-triazine-2,4-dithione (VBATDT) 41) ], and a thiophenol monomer [N-(4-mercaptophenyl) methacrylamide (MPMA) 42) ]. An acidic monomer, 4-META, was also used as a control. Precious metals and alloys used were Au, Pt, Pd, Au alloy, Ag alloy, and Au-Ag-Pd alloy.
After primer pretreatment and bonding using MMA-PMMA/BPO-DEPT resins, TBSs to precious metals and alloys after 2,000 thermal cycles were measured 39) . On bonding to Au, Ag alloy, and Au-Ag-Pd alloy, the three dithiooctanoate monomers (2-MEDT, 6-MHDT, and 10-MDDT) exhibited significantly higher TBSs than all the conventional sulfur-containing monomers (BMEDS, BMPDS, BMDDS, VBATDT, and MPMA) and 4-META (p<0.05) ( Table 6) 39) . On bonding to Au alloy, 2-MEDT, 6-MHDT, and 10-MDDT exhibited significantly higher TBSs than BMEDS, BMPDS, VBATDT, MPMA, and 4-META (p<0.05) ( Table 6) 39) .
Therefore, the novel dithiooctanoate monomers exhibited excellent bonding to precious metals and alloys when compared against conventional sulfur-containing monomers. Figure 6 depicts the hypothetical bonding mechanism of cyclic disulfides and non-cyclic disulfides to Au 39) . Similar to that of methylthiirane with an episulfide ring in its structure 30) , it was probable that when dithiooctanoate monomers were directly attached to a precious metal surface such as Au, the cyclic disulfide group of 6,8-dithiooctanoate monomer underwent the cleavage of the disulfide bonds (-S-S-) intermolecularly on the Au Table 5 Effects of acryloyloxyalkyl and methacryloyloxyalkyl 6,8-dithiooctanoates (dithiooctanoate monomers) on tensile bond strength to precious metals and alloys after 2,000 thermal cycles 13) Dithiooctanoate monomers surface 30) . Chemical adsorption of organic sulfur compounds on the Au surface occurred, followed by a formation of monolayer films, resulting in a chemical interaction with Au atoms to form double -S-Au bonds on the Au surface (Fig. 6) .
Bonding mechanism of cyclic disulfides and non-cyclic disulfides to Au
For non-cyclic disulfide monomers, they might also undergo similar cleavage of the -S-S-bonds, resulting in a chemical interaction with Au atoms to form single -S-Au bonds on the Au surface (Fig. 6) .
Herein lies the key difference in chemical interaction between the cyclic disulfides and non-cyclic disulfides with Au. The non-cyclic disulfide monomers underwent molecular cleavage before R-S-Au interaction, but the cyclic dithiooctanoate monomers formed a molecular Au-S-R-S-Au bridge after the cleavage of -S-S-bond at the Au surface (Fig. 6 ). This major difference in chemical interaction most probably accounted for the statistically significant differences in their bonding performance to Au (p<0.05) ( Table 6 ).
Effect of chemical structures of triazinedithione monomer and thiophenol monomer on adhesion
Triazinedithione monomer (VBATDT) and thiophenol monomer (MPMA) showed significantly lower bond strengths to precious metals and alloys (p<0.05) than the three dithiooctanoate monomers (Table 6) 39) . As per the above argument for non-cyclic disulfides, it was thought that their chemical structures accounted for the differences in chemical interaction and polymerization reactivity between dithiooctanoate monomers and VBATDT or MPMA. In the case of MPMA, its low bond strengths were caused by low polymerization reactivity with acrylic resin-based adhesives because the thiols acted as chain transfer agents 43) . In the case of VBATDT, the influence of its chemical structure on bond strength seemed to be rather ambivalent because of the presence of tautomeric structures such as triazinedithione and triazinedithiol 30, 31) .
Influence of polymerization initiators on the bonding performance of VBATDT
In our study using MMA-PMMA/BPO-DEPT resins 39) , VBATDT exhibited low bond strengths to Au (6.8 MPa) and Ag (0 MPa) ( Table 6 ). These results contradicted with the data obtained in a previous study 41) where VBATDT was found to be effective for bonding to precious metals. In a study by Suzuki et al. 31) which used MMA-PMMA/TBBO resins, high bond strengths to Au (25.7 MPa) and Ag (27.3 MPa) ( Table 7) were also reported.
Therefore, the bonding ability of VBATDT was markedly influenced by polymerization initiators. When used with MMA-PMMA/TBBO resins, the bonding performance of VBATDT would markedly increase.
CHAPTER 5: EFFECTS OF COMBINING ACIDIC MONOMERS AND SULFUR-CONTAINING MONOMERS ON BONDING TO PRECIOUS AND NON-PRECIOUS METALS AND ALLOYS
Effects of combining VBATDT and MDP on adhesion
In a study by Suzuki et al. 31) , phosphoric acid monomer (MDP, 0.2 wt%) was added to a primer containing a triazinedithione monomer (VBATDT, 0.5 wt%). After primer pretreatment and bonding using MMA-PMMA/ TBBO resins, TBSs to precious metals and alloys after 2,000 thermal cycles were measured 31) . The bond strengths [mean (SD), MPa] to Au, Ag, Cu, and Cr were 25.2 (3.6), 39.7 (2.6), 31.1 (10.0) and 34.2 (9.7) respectively (Table 7) 31) . In another study by Koizumi et al. 44) , a commercial metal primer (Alloy Primer, Kuraray Medical Co., Tokyo, Japan), which contained both VBATDT and MDP, was Table 7 Effects of combining MDP and VBATDT on tensile bond strength to precious and non-precious metals using MMA-PMMA/TBBO resins after 2,000 thermal cycles Groups from the same column that are identified with the same superscript letter are not significantly different (p>0.05). Table 8 Shear bond strengths and failure modes of commercial primers with Ag-Pd-Cu-Au alloy and pure titanium after 0 and 2,000 times of thermal cycling (Table 8) . VBATDT showed high TBS to Cu metal (Table  7) 31) , and the Ag-Pd-Cu-Au alloy contained 20 mass% Cu. Although the Ag-Pd-Cu-Au alloy contained a high amount of precious metals (Ag+Pd+Au=78 mass%), Alloy Primer with MMA-PMMA/TBBO resin exhibited high bond strength to the alloy.
Therefore, these experimental results showed that a combination of sulfur-containing monomers and acidic adhesive monomers enabled adhesive resins to adhere effectively to both precious and non-precious metals and their alloys 31, 43, 44) .
Independent interaction of VBATDT and MDP with precious metals and non-precious metals
A study by Suzuki et al. 31) found that VBATDT was chemically adsorbed on Au, Ag, and Cu only while MDP was effective only for Cr. A study by Koizumi et al. 44 ) also revealed that VBATDT monomer was effective for bonding to Ag-Pd-Cu-Au alloy only and MDP monomer to titanium only 43) . In other words, the interaction between VBATDT and precious metals was independent from the interaction between MDP and the non-precious metals, and that these interactions did not interfere with each other in their respective adhesion mechanisms 31) .
Effects of combining 5.0 wt% dithiooctanoate monomer and 1.0 wt% 6-MHPA or MDP on adhesion
To investigate the effects of combining 5.0 wt% dithiooctanoate monomer (2-MEDT, 6-MHDT, 10-MDDT, or 12-MDDDT) and 1.0 wt% acidic adhesive monomer (6-MHPA or MDP) on adhesion to precious and non-precious metal alloys, TBSs of MMA-PMMA/TBBO resins to primer-treated metal adherends after 2,000 thermal cycles were measured 45) . On bonding to Au alloy, Ag alloy, Au-Ag-Pd alloy, Co-Cr alloy, and Ni-Cr alloy, there were no significant differences in TBS among the eight experimental primers (p>0.05) after 2,000 thermal cycles ( Table 9 ). The primer (10-MDDT+6-MHPA) which contained 5.0 wt% 10-MDDT and 1.0 wt% 6-MHPA produced highest TBSs to these metal adherends: 46.5 MPa (Au alloy), 49.6 MPa (Au-Ag-Pd alloy), 55.8 MPa (Co-Cr alloy), 51.7 MPa (Ni-Cr alloy) ( Table 9) 45) . In contrast, the control primer (None+6-MHPA) which did not contain any dithiooctanoate monomers showed low bond strength (5.4 MPa) to Au alloy. The other control primer (10-MDDT+None) which did not contain any acidic adhesive monomers showed absence of bond strength (0 MPa) to both Co-Cr and Ni-Cr alloys.
Therefore, the combination of 5.0 wt% 10-MDDT and 1.0 wt% 6-MHPA was determined as the optimal combination of dithiooctanoate monomers and acidic adhesive monomers for bonding to precious and non-precious metal alloys. As per the findings of previous studies 31, 43) , it was suggested that the interaction between 10-MDDT and precious metals was independent from the interaction between 6-MHPA and non-precious metals. Figure 7 is a schematic illustration of the hypothetical interactions between 10-MDDT and 6-MHPA with Au and a non-precious metal 45) . Previous studies 36, 38) have established that sulfur atoms have a chemical affinity to precious metals such as Au, and the adsorbed structures Table 9 Effects of combining dithiooctanoate monomers (5.0 wt%) and acidic adhesive monomers (6-MHPA or MDP, 1.0 wt%) on the tensile bond strength (MPa) of MMA-PMMA/TBBO resins to dental precious and non-precious metal alloys after 2,000 thermal cycles 45) Dithiooctanoates plus 6-MHPA or MDP of sulfur-containing molecules -such as organic thiols, sulfides, and disulfidesform self-assembled monolayers 30) on the surfaces of these precious metals. Thus, it was probable that when 10-MDDT was directly attached to a precious metal surface such as Au, the cyclic disulfide group of 6,8-dithiooctanoate monomer underwent a cleavage of the disulfide bonds (-S-S-) in the ring structure 39) (Fig. 7) . Chemical adsorption of organic sulfur compounds on the Au surface occurred, followed by a formation of monolayer films due to a spontaneous assembly of organic thiol-like molecules on the Au surface 31) . Fig. 7 Schematic illustration of the hypothetical chemical interactions of 10-methacryloyloxydecyl 6,8-dithiooctanoate (10-MDDT) and 6-methacryloyloxyhexyl phosphonoacetate (6-MHPA) with Au and a non-precious metal 45) , as discussed in Chapter 5.
Interactions of 10-MDDT and 6-MHPA with Au and non-precious metals
Phosphonic acid monomers are called ligand monomers 10) . The phosphonic acid group [-P(=O)(OH)2] undergoes ionization in water to form oxygen anion [-P(=O)(O -)2], which enables the acidic monomer to interact with metal oxides on the surfaces of non-precious metals 11) . It was speculated that at the bonding interface, there existed an ionic interaction between the phosphonic acid group and the metal oxides on the surfaces of non-precious metal alloys (e.g., Ni-Cr alloy), thereby enabling the phosphonic acid monomers to achieve their bonding effectiveness (Fig. 7) 10) .
Use of 10-MDDT and 6-MHPA in commercial metal primer "Metal Link Primer"
Compared to conventional sulfur-containing monomers such as thiols, thiophenols, and thiophosphoric acids, dithiooctanoate monomers such as 10-MDDT feature several superior advantages: absence of bad odor, good formulation stability, and more excellent bonding to precious metals and alloys (Table 6 ). In light of these favorable characteristics and bonding results (Tables 6 and 9 ), both 10-MDDT and 6-MHPA were included in the formulation of Metal Link Primer (M.L. Primer, Shofu Inc., Kyoto, Japan), which was commercially launched in 2003. Okuya et al. 46) reported that the shear bond strengths (SBSs) achieved by M.L. Primer for the bonding of MMA-PMMA/TBBO resins to pure Au and high-gold-content alloy, after 2,000 thermal cycles, were 33.5 MPa and 33.3 MPa respectively. These SBS values were comparable with the TBSs of the 10-MDDT+6-MHPA primer to Au (31.6 MPa) and Au alloy (46.5 MPa) obtained in our study 45) .
Development of NDMCC with both disulfide group and carboxyl group in its structure
Multi-purpose primers contain individual sulfurcontaining monomer and acidic adhesive monomer within a single bottle. Upping the ante, functional monomers which have both sulfur-containing group and acidic group in their structures were designed and synthesized -namely, N,N'-dimethacryloylcystine (NDMCC) 47) which had a disulfide group and two carboxyl groups in its structure. Figure 8 depicts the synthesis pathway of NDMCC, which was synthesized via a Schotten-Baumann reaction of cystine and methacrylic chloride in sodium hydroxide solution (pH 10.6) at 4°C. The product was isolated in crude crystal form (58% yield). The molecular structure and purity of NDMCC were confirmed using singlecrystal (SC) NMR spectroscopy and elemental analysis 47) .
Bonding performance of NDMCC to precious and non-precious metal alloys
To examine the bonding performance of 0.14 mol% NDMCC-ethanol solution 47) , three kinds of metal alloys were selected: Max Gold (Nippon Shiken Corp., Tokyo, Japan) as the precious metal alloy, Castwell M.C. (GC Dental Products Corp., Tokyo, Japan) as the semiprecious metal alloy, and SB-Bondloy (Tokuyama Dental Corp., Tokyo, Japan) as the non-precious metal alloy. Specimens were bonded using Super-Bond C&B resin cement (MMA-PMMA/TBBO-type adhesive resin; Sun Medical Co. Ltd., Shiga, Japan) or Panavia 21EX (BPO/ amine-type adhesive resin; Kuraray Medical Inc., Tokyo, Japan). Three bonding conditions were used: (A): #600 polishing only; (B): #600+V-Primer; and (C): #600+NDMCC solution. Bonded specimens were stored in distilled water at 37°C for 24 h prior to testing without thermal cycling.
With NDMCC had both disulfide group and carboxyl group in its structure. The disulfide group was expected to improve bonding to precious metal alloys, while the carboxyl group was expected to improve bonding to non-precious metal alloys. With Super-Bond C&B, bond strengths to precious, semi-precious, and non-precious metal alloys were improved when compared to the untreated controls. However, bonding to all types of dental metal alloys was not improved with Panavia 21EX. V-Primer contained triazinedithione (VBATDT) isomers only. Interestingly, treatment with V-Primer resulted in high bond strengths to non-precious metal alloys.
This occurred because of acidic adhesive monomers present in the adhesives used -Super-Bond contained 4-META while Panavia 21EX contained MDP.
On the other hand, treatment with NDMCC solution and bonding with Panavia 21EX resin resulted in reduced TBS to non-precious metal alloy. This was thought to be caused by the acid-base neutralization reaction between the carboxyl group of NDMCC and the amine present in the polymerization initiator system of Panavia 21EX.
Bonding performance of non-cyclic disulfide monomers to precious metals and alloys
In our previous study 39) shown in Chapter 4, the TBSs of disulfide compounds to precious metal alloys using MMA-PMMA/BPO-DEPT resins were measured after 2,000 times of thermal cycling. BMEDS was a non-cyclic disulfide compound with a methylene chain (C2); 2-MEDT was a cyclic disulfide compound with a methylene chain (C2). The TBSs of BMEDS and 2-MEDT to Au alloy were 23.1 MPa and 40.4 MPa respectively (Table 6) .
NDMCC, a non-cyclic disulfide compound with a methylene chain (C2), exhibited a low bond strength of 19.5 MPa to Max Gold when bonded with Panavia 21EX. The TBSs of NDMCC were measured without any thermal cycling durability test 47) . This implied that if the bonded specimens were subjected to thermal cycling test, more inferior results would be produced.
Similar to the behavior of BMEDS (Fig. 6 ), NDMCC as a non-cyclic disulfide monomer would undergo cleavage of the -S-S-bond and chemically interact with precious metal atoms, such as Au atom, to form -S-Au bond on the Au surface. However, as they were non-cyclic disulfide monomers, both BMEDS and NDMCC could not accomplish high and durable bond strengths to precious metals and alloys when compared with cyclic disulfide monomers, i.e., dithiooctanoate monomers, because of the reason already discussed in Chapter 4.
CHAPTER 6: EFFICACY OF METAL PRIMERS ON BONDING OF PROSTHETIC LIGHT-CURING RESIN COMPOSITES TO PRECIOUS AND NON-PRECIOUS METALS AND ALLOYS
Light-curing resin composite veneering materials for fixed prosthodontics
Resin-veneered prostheses have become increasingly popular among dental practitoiners 48) because of the myriad advantages offered by resin composite veneering materials: ease of manipulation, ability to match the color and appearance of adjacent natural teeth, repairability in the mouth, and low cost 49) . Although highly regarded as a comparable alternative to porcelain veneers 50) , resin composite veneering materials were plagued with problems in the early days of their development: poor color stability, low abrasion resistance, leakage at resin-metal interface, and poor dimensional stability 49, 51) . Today, advances in polymer science and technology not only eliminated these problems, but brought about enhancements that saw the recent introduction of indirect resin composite-veneered crowns and bridges.
Effect of experimental metal primers on bonding of Solidex to precious and non-precious metals
Experimental metal primers containing a dithiooctanoate monomer (10-MDDT or 6-MHDT) and a phosphonic acid monomer (6-MHPA or 6-MHPP) were prepared to evaluate their effects on the bonding of a commercial, prosthetic light-curing resin composite (Solidex, Shofu Inc., Kyoto, Japan) to precious and non-precious metals 52) . After treating Au, Au alloy, Ag alloy, Au-Ag-Pd alloy, and Ni-Cr alloy with the experimental primers, their SBSs with Solidex were measured after 1-day storage followed by 5,000 thermal cycles. Results showed that when metal adherends were treated with the primer which contained 5.0 wt% 10-MDDT and 1.0 wt% 6-MHPA, their SBSs ranged between 31.2 (5.2) and 34.5 (5.8) MPa, with good bonding durability after 5,000 thermal cycles. Therefore, a combined application of a dithiooctanoate monomer and a phosphonic acid monomer provided efficacious bonding of Solidex to precious and non-precious metals and alloys.
The intensity of the exoelectron emission activity at sandblasted metal surfaces decreases over time in air (Kramer effect) 53) , resulting in decreased bond strength. However, when the sandblasted metal surfaces were coated with a metal primer which contained a dithiooctanoate monomer and a phosphonic acid monomer, there was no significant bond strength degradation even after 2-month storage in air at 50°C 52) . In the fabrication of resin composite-veneered restorations for clinical fixed prosthodontics, this finding on the use of primers to maintain adhesive strength to sandblasted metals is highly important and favorable.
Effect of commercial metal primers on bonding of prosthetic resin composite to Ag-Pd-Cu-Au alloy
Shimoe et al. 54) investigated the effect of five commercial metal primers on bonding between an indirect resin composite (New Meta Color INFIS, Sun Medical Co. Ltd., Shiga, Japan) and an Ag-Pd-Cu-Au alloy. The primers used were Alloy Primer (VBATDT and MDP), Metal Primer II (methacryloyloxyalkyl thiophosphate derivative, MEPS), Metaltite (6-methacryloyloxyhexyl-2-thiouracil-5-carboxylate, MTU-6), Luna-Wing Primer (pentaerythritol tetrakis(3-mercaptopropionate), PETP), and M.L. Primer (10-MDDT and 6-MHPA). After primer application and bonding procedure, SBSs of bonded specimens were measured after 0 and 20,000 times of thermal cycling. Table 10 presents the compositions and manufacturers of the commercial metal primers used, and the SBSs after 0 and 20,000 times of thermal cycling 54) . Before thermal cycling, M.L. Primer produced the highest SBS (25.8 MPa, p<0.05). After thermal cycling, Alloy primer, Metal Primer II, and M.L. Primer produced comparable SBSs. Among the five commercial primers, Alloy Primer exhibited the lowest SBS reduction rate (26.3%) after 20,000 cycles. In contrast, Luna-Wing Primer showed a significantly lower bond strength (0.9 MPa, p<0.05) and a higher SBS reduction rate (92.9%). Results presented by Luna-Wing Primer after thermal cycling were statistically similar to those of unprimed control (SBS: 0.5 MPa; reduction rate: 92.4%).
Luna-Wing Primer contained the PETP monomer. Although PETP had four -SH groups in its structure, its apparent lack of bonding effectiveness was attributed to its lack of polymerizable double bonds. As for Alloy Primer, it contained VBATDT. VBATDT not only chemisorbed via sulfur atoms on Au, Ag, and Cu surfaces 30, 31) , it could be copolymerized through a vinyl group with another monomer at the bonding interface. Figure 9 shows the structural formulas of organic sulfur compounds and acidic adhesive monomers included in the formulations of the five commercial primers 54) .
CHAPTER 7: DEVELOPMENT OF SINGLE-BOTTLE, MULTI-PURPOSE PRIMERS AND ADHESIVES FOR BONDING TO VARIED DENTAL CERAMICS AND METAL MATERIALS
Bonding to dental ceramics and its challenges Silica-based ceramics, such as feldspathic porcelain and glass ceramics, are frequently used to veneer metal frameworks 55) or high-strength ceramic copings for all-ceramic restorations 56) . Availability of improved dental ceramic materials such as lithium disilicate, alumina-based ceramics (alumina), and zirconia-based ceramics (zirconia) as core materials has led to a widespread use of all-ceramic restorations over the past decade 57) . Due to zirconia's favorable esthetic characteristics, mechanical properties, and biocompatibility, the use of zirconia-based ceramic systems has become increasingly popular in dentistry, with yttrium tetragonal zirconia polycrystal (Y-TZP)-based materials emerging as the most recent core material of choice for all-ceramic fixed partial dentures (FPDs) 4) . Clinical success of such restorations relies on a strong and durable resin bond to the restorative materials and supporting tooth structures 58) . However, establishing a strong and stable bond with zirconia has proven to be difficult 6) .
Effect of combined application of silane coupling agent and MDP on bonding to zirconia
Application of MDP on zirconium oxide ceramic after sandblasting treatment (110-µm Al2O3 at 2.5 bar) resulted in a durable resin bond 59) . Moreover, the combined application of silica coating and/or silane coupler together with a hydrophobic phosphoric acid monomer is currently one of the most reliable bonding system for zirconia 60) . A recent study 61) reported that a commercial metal primer (Alloy Primer; Kuraray Medical, Tokyo, Japan) containing MDP showed effective SBS of TBB-initiated acrylic resin to a commercial zirconia-based ceramic (Noritake Katana; Noritake Dental Supply, Aichi, Japan). The application of MDP monomer with a silane coupler on silica-coated yttriumoxide-partially-stabilized zirconia (YPSZ) by a tribochemical modification was a promising method for ceramic restorations in clinical settings 61) .
Effect of 6-MHPA in AZ Primer on bonding to both alumina-and zirconia-based ceramics
Commercial metal primer AZ Primer (Shofu Inc., Kyoto, Japan) contained 6-MHPA, a phosphonic acid monomer.
It was reported that 6-MHPA promoted strong adhesion between a dual-cure adhesive luting cement (ResiCem, Shofu Inc., Kyoto, Japan) and alumina-and zirconiabased all-ceramic prostheses 62) . The phosphoruscontaining acidic groups of MDP and 6-MHPA were able to chemically bond 10, 59) and interact with metal oxides on the surfaces of both alumina-and zirconia-based ceramics as well as non-precious metal alloys. Similar to the phosphoric acid monomer MDP which efficaciously promoted good bonding to zirconia, a combined application of silane coupling agent with 6-MHPA thus improved the bonding efficacy to zirconia-based ceramics.
Development of single-bottle, multi-purpose primer for bonding to dental ceramics and metal alloys A ternary combination of silane coupling agent, acidic adhesive monomers, and sulfur-containing monomers enabled multi-purpose primers to exhibit outstanding adhesion to a variety of substrates, ranging from porcelain and zirconia to dental precious and non-precious metal and alloys [63] [64] [65] . However, the development of single-bottle (one-pack), multi-purpose primers remained a challenge, because of the hydrolysis of silane coupling agents and hence the issue of limited shelf lives 5) . In our previous study 66) , experimental primers which contained 3-methacryloyloxypropyltriethoxysilane (3-MPTES), 6-MHPA, and 10-MDDT were prepared. They were codenamed as Si-P-SS-1 and Si-P-SS-2 and stored under two conditions: Initial versus Aged. Under the Initial condition, storage duration was 24 h at 23°C. Under the Aged condition, the primers were stored under an accelerating aging condition of 50°C for 2 months. After primer application, dental porcelain, alumina, zirconia, and Au alloy adherends were bonded to a dual-curing resin cement (ResiCem, Shofu Inc., Kyoto, Japan) and their TBSs measured.
For each adherend, there were no statistically significant differences in TBS between the "Initial" and "Aged" storage conditions for Si-P-SS-1 and Si-P-SS-2 (p>0.05) (Table 11 ). For each storage condition of Si-P-SS-1 and Si-P-SS-2, there were also no statistically significant differences in TBS among the four adherends (p>0.05) ( Table 11) .
Two important findings of this study 66) were summarized as follows. The absence of statistically significant differences in TBS among the four adherends indicated that 6-MHPA and 10-MDDT interacted independently and respectively with zirconia-based ceramic and Au alloy 44) . The absence of TBS degradation for "Aged" primers showed that single-bottle, multipurpose primer systems with formulation stability and hence satisfactory shelf lives could be realized with an excess amount of silane coupling agent against that of acidic adhesive monomer 66) .
Bonding mechanism of silane coupling agents to silica-based ceramics
Silane coupling agents, such as 3-MPTES, are bifunctional molecules that bond silicon dioxide with the OH groups on silica-based ceramic surfaces 57) . During a silane coupling reaction, the trialkyloxysilyl group [-Si-(OR)3] of silane coupling agents is hydrolyzed in aqueous acidic solutions to form reactive silanols [-Si-(OH)3]. The silanols partially condense to form siloxane oligomers. The oligomers, which have a silanol group, are adsorbed on the silica-based ceramic surface because of the formation of hydrogen bonding. Then, dehydrated condensation applied using heat treatment yields a firm bond between the silanes and the silica-based ceramic surface 57) . It should be noted that when a silane coupling agent is used in combination with an acidic compound, bond strength to porcelain is influenced by the acidity of the acidic compound 5) ; hence, heating is used to improve the bond strength.
Design of a single-bottle, multi-purpose, light-curing adhesive for bonding to dental ceramics and metal adherends Experimental single-bottle, multi-purpose, light-curing adhesives which contained varying contents of a silane coupling agent, acidic adhesive monomers and dithiooctanoate monomers were investigated for their effectiveness of bonding a light-curing resin composite (Beautifil II, Shofu Inc., Kyoto, Japan) to the ceramic adherends (porcelain, alumina, and zirconia) and metal adherends (Au, Au alloy, Ag alloy, Au-Ag-Pd alloy, and Ni-Cr alloy) 67) . SBS results obtained after 2,000 thermal cycles showed that a ternary combination of silane coupling agent, acidic adhesive monomers, and dithiooctanoate monomers was effective in delivering high bond strengths to the all adherends tested 67) . 68) . After 1 year of water immersion, the microtensile bond strengths of five commercial two-step and one-step self-etching adhesives to dentin were markedly decreased 69) . Compared to the bond strength achieved with phosphoric acid-etched enamel, self-etching adhesives achieved lower bond strengths to ground enamel 2) . Therefore, new functional monomers with stronger chemical bonding ability to hydroxyapatite in both enamel and dentin had to be developed 14) .
Effects of HEMA-free adhesives on bonding performance to dentin A number of compromises were made when self-etching primers were simplified into single-bottle formulations 70) . The latter usually contained acidic adhesive monomers, water, and water-soluble OH-containing monomers (e.g., HEMA). However, HEMA retains water within the adhesive layer, adversely affecting the latter's mechanical strength and bonding effectiveness 71) . Another reason that accounts for the poor bonding durability of HEMAcontaining adhesive layers its HEMA's poor hydrolytic stability: 70% of HEMA was hydrolyzed in acidic aqueous solution after 1-week storage at 37°C 72) . Other drawbacks of HEMA include low photopolymerization reactivity 73) and triggering of delayed hypersensitivity type of allergic reactions 74) . In light of the many bonding durability and biosafety concerns which arise from the use of HEMA, debate is still ongoing about its use in adhesive dentistry 70) .
Bonding performance of a HEMA-free, multi-purpose, single-bottle adhesive to enamel, dentin, zirconia and Au alloy Table 12 presents the combination effects of acidic adhesive monomers and dithiooctanoate monomers in self-etching adhesives on the SBSs between a resin composite (Beautifil II, Shofu Inc., Kyoto, Japan) and four adherend materials (ground enamel and dentin, sandblasted zirconia and Au alloy) after 2,000 thermal cycles 75) . All the five experimental adhesives did not On bonding to enamel and dentin, there were no significant differences in SBS between P-M-SS-D and P-A-SS-D (p>0.05): SBS to enamel ranged between 19.5 (5.2) and 20.5 (5.5) MPa, and SBS to dentin ranged between 18.8 (5.1) and 20.8 (4.8) MPa 75) . Results revealed that the bonding ability of multi-purpose adhesive P-A-SS-D to dental hard tissues (enamel: 20.5 MPa, dentin: 20.8 MPa) was comparable to that of a self-etching adhesive (enamel: 18.8 MPa, dentin: 20.0 MPa) reported in a previous study 76) . . On bonding to Au alloy, no significant differences in SBS (p>0.05) were found among the three experimental adhesives (P-M-SS, P-M-SS-D, and P-A-SS-D) which contained 10-MDDT and/or 6-MHDT, where SBSs ranged between 20.2 (4.9) and 30.3 (6.6) MPa 75) . In contrast, adhesives P-M and P-M-D which did not contain dithiooctanoate monomers showed poor adhesion to Au alloy (0 MPa). Figures 10-13 show the scanning electron micrographs (SEMs) of the resin-adherend interface after bonding with experimental adhesive P-A-SS-D 75) . In Figs. 10 and 11, an adhesive layer (5.0-8.0 µm thickness) could be seen between the resin composite and enamel or dentin, devoid of any vulnerabilities derived from HEMA [71] [72] [73] [74] . On the other hand, the formation of a distinct hybrid layer 77) or interdiffusion zone was not clearly seen at the resin-dentin interface (Fig. 11b) . There was also no formation of resin tags in the dentinal tubules. Despite the absence of a distinct hybrid layer, adhesive P-A-SS-D Table 12 Shear bond strengths of experimental HEMA-free, single-bottle, self-etching adhesives after 2,000 thermal cycles might have created a very thin hybrid layer, as in the case of conventional two-step self-etching primers.
SEM observation of resin-adherend interface after bonding with experimental adhesive
In Figs. 12 and 13, SEMs of zirconia and Au alloy revealed that adhesive P-A-SS-D created a very thin adhesive layer (under 5.0 µm) at the interface and which appeared to be strongly adhered to both zirconia and Au alloy.
Bonding mechanism to enamel, dentin, zirconia, and Au ally On the bonding mechanism to enamel and dentin, it was hypothesized that ionized acidic monomers, 6-MHPA, 6-MHPP, or 4-AET, acted as ligand monomers. They penetrated the tooth substrate beyond the smear layer and chemically interacted with Ca 2+ cation of hydroxyapatite to form calcium salts [23] [24] [25] [26] . Following air-blowing to remove water and solvent, light irradiation was carried out. HEMA-free components in the adhesive caused in situ photopolymerization of the penetrated monomers at the resin-enamel or resin-dentin interface to produce good adhesion.
On bonding to zirconia, it was hypothesized that the ionized acidic monomers chemically interacted with metal oxides on the surface of sandblasted zirconia. On bonding to Au alloy, the cyclic disulfide group of 6,8-dithiooctanoate moiety of 6-MHDT and 10-MDDT underwent cleavage of the disulfide bonds (-S-S-) intermolecularly on the Au surface, followed by a formation of monolayer films 36) . Chemical interaction with Au atoms then resulted in the formation of -S-Au bonds on the surface of Au alloy 16) . As reported in a study by Koizumi et al. 44) , 6-MHPA or 6-MHPP and 6-MHDT or 10-MDDT interacted independently and respectively with zirconia and Au alloy, thereby allowing P-M-SS-D and P-A-SS-D to exhibit good bonding effectiveness to both zirconia and Au alloy.
Newly developed multi-purpose adhesive "BeautiBond Multi"
Based on the findings through our research and development of dental adhesives, a single-bottle, one-step, self-etching, HEMA-free, multi-purpose adhesive BeautiBond Multi (Shofu Inc., Kyoto, Japan) was newly developed in 2012. Beautibond Multi is fast and easy to use as a seventh generation dental adhesive.
EPILOGUE
This review paper tracked the developments of dithiooctanoate monomers and acidic adhesive monomers, with exclusive emphasis on their roles and effects in promoting adhesion to multiple adherend materials when used in multi-purpose primers and adhesives.
Although numerous studies have been reported in this field, specific focus of this paper was on our research and development efforts in this area and supplemented with information collated from related studies on primers and adhesives.
The quest for the all-encompassing, multi-purpose primers and adhesives is not over. Further research efforts should continue and press toward more advanced bonding technologies, to be embraced and employed in future dental adhesives.
CONCLUSIONS
Noteworthy conclusions drawn from this review paper are as follows:
1. Phosphonic acid monomers provided sufficient demineralization of dental hard tissues, thereby providing improved bonding to both ground enamel and dentin. 2. Acryloyloxyalkyl and methacryloyloxyalkyl 6,8-dithiooctanoates (dithiooctanoate monomers) were synthesized as new sulfur-containing compounds for bonding to precious metals and alloys. 3. Dithiooctanoate monomers exhibited more excellent bonding to precious metals and alloys than conventional sulfur-containing monomers. 4. For adhesion to both precious metals and alloys and non-precious metal alloys, the optimal combination for dithiooctanoate monomers and acidic adhesive monomers was determined to be 5.0 wt% 10-MDDT and 1.0 wt% 6-MHPA. 5. The ternary combination of a silane coupling agent (3-MPTES), acidic adhesive monomers (6-MHPA, 6-MHPP, and 4-MET), and dithiooctanoate monomers (6-MHDT and 10-MDDT) provided effective bonding to dental porcelain, alumina, zirconia, and Au alloy. 6. HEMA-free, multi-purpose, single-bottle, self-etching adhesives which contained dithiooctanoate monomers and acidic adhesive monomers provided strong adhesion to ground enamel and dentin, sandblasted zirconia-based ceramic, and Au alloy.
